Attention has been focused in recent decades upon the precipitation of metal sulfides from acid mine drainage (AMD) and pregnant leach solutions, due to the advantages of the sulfide precipitation process over traditional methods employing hydroxides. The aim of this work was thus to explore technologies for the precipitation of valuable metals, such as nickel using such sulfides (as either Na 2 S or biogenic sulfide). The recovery of nickel sulfide was improved when the initial pH of the solution containing each metal was set to 7. In such a condition the removal efficiency of nickel was 99.9%, corresponding to a residual level of 0.13 mg L À1 for nickel in solution. Kinetic parameters for precipitation were determined from the particle size distributions (produced in an MSMPR reactor) using the method of moments, where the growth and nucleation rates, as well the agglomeration kernel, were calculated. The precipitation of nickel at an initial pH of 7 showed a nucleation rate value of 8.16 Â 10 18 # m À3 s
Introduction
Several industrial processes, particularly those related to the metallurgical and mining industries, produce acid effluents containing large amounts of dissolved metals, which can cause serious environmental damage [1, 2] . In the mining processes, an important environmental problem is acid mine drainage (AMD) [3] [4] [5] , which occurs when sulfide minerals are exposed to air and water and undergo oxidation, producing sulfuric acid and contaminating water bodies with toxic metals, sulfates and other pollutants [6] .
Many technologies are being developed for and applied to the treatment of metal-laden effluents, and a significant body of research has investigated the treatment of such wastewaters [7] . Physicochemical and biological methods include precipitation (chemical or electrochemical), solvent extraction, electrodeposition, ion exchange, (bio)sorption and flotation [2] .
Due to the familiarity of the industry with it, precipitation is one of the first technologies to be tested, particularly for large volumes of effluent and high pollutant concentrations. Precipitation is a complex process that is influenced by several parameters, including nucleation, growth and, eventually, agglomeration and breakage of particles [8] . In hydrometallurgical processes and in the treatment of metal-containing effluents, the use of sulfide precipitation for recovering metals has received considerable attention because of the advantages offered by sulfide precipitation over traditional methods employing precipitation as metallic hydroxides [7] . In line with this trend is the use of biogenic sulfide (H 2 S) as a substitute for chemically produced sulfide (Na 2 S, H 2 S or NaHS). Hydrogen sulfide can be produced on-site by sulfate-reducing bacteria (SRB) through a process that allows safer handling and eliminates the need for storage of such a hazardous chemical [9] .
Lewis [10] comprehensively reviewed the precipitation of metal sulfides, considering the solubility and stability of the sulfide ion along with its complexes with metal ions. The authors addressed the kinetics of metal precipitation, the characterization of the solid product and the industrial and environmental applications of this technology. The author considered nickel precipitation to be a problematic process, being strongly pH-dependent. Other authors also suggested that pH control is essential for an effective precipitation of metal sulfides [2, 11] . In the studies reported by Cao et al. [3] , when assessing the influence of pH and temperature over the removal of such metals as Cu 2+ , Fe 2+ and Ni 2+ by precipitation with sulfide, higher temperatures were found to be beneficial only for nickel precipitation. The efficiency of the process was also strongly influenced by the concentration of sulfide ions (i.e., supersaturation). In another study, Lewis and van Hille [12] investigated the effect of excess sulfide on nickel precipitation from a synthetic solution with a concentration of 2000 mg L À1 Ni
2+
. Under such experimental conditions, the amount of nickel remaining in solution was large (65.7 mg L À1 ), and the authors attributed this outcome to the formation of nickel complexes with the bisulfide ion. In another study, Lewis and Swartbooi [13] investigated nickel (2000 mg L À1 Ni) precipitation in fluidized bed reactors. The authors argued that this type of reactor was not adequate for sulfide precipitation because the removal efficiency was only 85% for nickel. Karbanee et al. [14] [15] assessed zinc and nickel separation by sodium sulfide in an MSMPR (Mixed Suspension Mixer Precipitation Removal) reactor and stated that the best results were achieved at pH 6 and the stoichiometric ratio between both species.
The determination of nucleation and growth rate, as well as agglomeration parameters, was carried out in a study addressing the precipitation of zinc sulfide in an MSMPR reactor [8, 16] , where high supersaturation resulted in higher nucleation rates. Similarly, van Hille et al. [7] reported that high levels of supersaturation induced homogeneous nucleation, and therefore finer precipitates were formed. The homogeneous nucleation may have contributed to inefficiencies in the precipitation process.
The development of technologies for on-site sulfide generation (sulfate reduction) has renewed the interest in sulfide precipitation aiming at both metal recovery and effluent treatment. Copper and zinc precipitation has been studied extensively, but nickel has been addressed less frequently. Nickel sulfide is highly reactive, and therefore the particle size distributions PSD are not easily determined, meaning that nucleation and growth rates are seldom found in the literature. This work therefore investigated the application of biogenic sulfide for nickel precipitation, evaluating the kinetic factors involved in the process.
Modeling precipitation in MSMPR reactors
Supersaturation (S), the driving force of precipitation, was calculated according to Eq. (1), where equilibrium conditions are represented by the subscript eq:
where a ± is the mean ionic activity of NiS, which may be written as:
The solubility product of NiS (K sp ) can be defined as:
Therefore, it is possible to write:
Agglomeration is an important phenomenon during the precipitation of sparingly soluble compounds, such as metallic sulfides.
Agglomeration along with nucleation and growth define the particle size distribution (PSD) of the products. Assuming that the crystals have the same shape, are well-mixed in a constant volume reactor; that steady-state conditions are observed and that no crystals are present in the inlet stream, the population balance can be written as: The agglomeration kernel is more easily determined if the PSD is analyzed by the method of moments such that the population balance equation is reduced to a set of ordinary differential equations (ODEs). The j moment, l i , is defined as:
Assuming that both the crystal growth and the agglomeration kernel are independent of particle size, Eq. (5) can be written in terms of first three moments to produce Eqs (9)-(11) (for further details, the reader is referred to the work of Gomez-Morales et al. [18] ):
The nuclei population density, n 0 , can be determined from the nucleation and growth rates as follows:
3. Materials and methods
Reagents and solutions
The nickel-containing solutions were prepared from analytical grade NiCl 2 Á6H 2 O (Synth) dissolved in distilled water, having been previously bubbled with nitrogen gas for 15 min such that dissolved oxygen was removed. The nickel content was determined by ICP-OES, after pH adjustment. In the case of the sulfide solution, nitrogen gas was first bubbled into boiled distilled water, which was later used to prepare the solution from analytical grade Na 2-SÁ9H 2 O (Synth). A series of experiments was carried out with the effluent of a continuous sulfate reduction bioreactor, type UASB, operating at hydraulic time retention (HTR) of 24 h, COD:SO 4 2-ratio at 1.8, treating 2.0 g L À1 sulfate in the presence of lactate as electron and carbon source and [19] . As received, the solution with pH value at 7.6 and had the sulfide content determined prior to mixing with the Ni 2+ solution. The analysis encompassed the precipitation of the sulfide by mixing the effluent of the sulfate reduction bioreactor with zinc acetate (Aldrich). The precipitate was washed to remove impurities and was transferred to an Erlenmeyer flask, where the precipitate reacted with an excess of iodine (Merck) in an acid medium. The remaining iodine was subsequently determined by titration with sodium thiosulfate (Aldrich) using starch as the indicator [20] . In addition to sulfide ions, the effluent of the sulfate reduction bioreactor also contained acetate ($2000 mg L
À1
), alkalinity ($1000 mg L À1 ) and phosphate ions (110 mg L À1 as P). The pH adjustments in the Ni solutions were made with hydrochloric acid (Synth) solution (10%, v.v À1 ) or sodium hydroxide (Synth), 10% (w.v À1 ). For pH measurements, the pH meter Handylab 1, from Schott Ò , was utilized.
Batch precipitation experiments with either Na 2 S or biogenic sulfide
Preliminary experiments were carried out to investigate the effects of pH and time on nickel sulfide precipitation. These experiments were carried out in a 1000 mL Erlenmeyer flask with magnetic stirring (IKA Labortechnik) in a fume hood. To the Erlenmeyer flask, a volume of 400 mL of a 500 mg L Experiments were also carried out with biogenic sulfide, and the experimental conditions were the same as previously reported but with different nickel and sulfide content. Because the measured sulfide concentration in the effluent of the sulfate reduction bioreactor was 98 mg L
À1
, the nickel content was set at 172.1 mg L À1 and 90.7 mg L À1 in the experiments with stoichiometric and excess sulfide, respectively.
The batch experiment ran for 20 min, and samples were collected every 2 min for the first 10 min. The samples that had been collected were filtered using polyethylene filter units (HV Durapore Ò membrane, 0.45 lm) attached to 10-mL syringes. The working sample volume was 10 mL. A drop of concentrated HNO 3 (Aldrich) was used to preserve the filtered samples (aqueous phase) for subsequent quantitative analysis (Ni and S total ) by ICP-OES (725 Varian). The pH inside the reactor was determined by a Handylab 1 pH meter from Schott.
Nickel precipitation in a continuous system (with either Na2S or biogenic sulfide)
To investigate nickel precipitation in continuous systems, an unbaffled MSMPR reactor with a working volume of 300 mL (132 mm height and 67 mm diameter), as sketched in Fig. 1 ] molar ratio was attained. All tests were carried out at room temperature (22 ± 2°C), and the experiments were run for 10 residence times. In addition to the influence of pH on nickel removal, an experiment was performed where the metal/sulfide molar ratio was varied; therefore, the supersaturation of the system was also varied. In this latter case, the initial pH of the nickel solution was set at 3, and the concentration of Unless otherwise stated, a 25-mL sample was collected from the reactor outlet at every residence time for a total of 10 samples. These samples were filtered using a polyethylene filter unit (HV Durapore Ò membrane, 0.45 lm) attached to a 10-mL syringe, and the metal precipitation efficiency was determined from the amount of metal remaining in solution after precipitation. Similarly to the batch experiments, HNO 3 was utilized to oxidize the sulfide and interrupt precipitation. Nickel and total sulfur were analyzed by ICP-OES (Varian 725). This latter measurement was assumed to represent all sulfide in solution in the experiments with sodium sulfide, whereas titration with iodine (Section 3.1) was utilized for sulfide determination in the testing with biogenic sulfide. X-ray diffraction (Shimadzu Ò XRD6000) was applied to identify the phases formed with optical microscopy (Leica) utilized for crystal form.
Modeling the precipitation kinetics
The kinetic modeling was performed from the PSD produced in the continuous experiments. After the system reached steady-state conditions, a volume of 300 mL of slurry leaving the reactor was collected and filtered, and the solid mass was determined such that the percentage of solids in the slurry (magma density) was known. The solid phase was kept under a nitrogen atmosphere until the moment of measurement of PSD. The PSD was determined by a laser particle size analyzer (Cilas Ò model 1064). The mass of one crystal was determined from the shape factor (assuming spherical particles) and particle density (helium pycnometry) for each size fraction determined in the PSD. The number of crystals (n 0 ) was thus calculated from the mass retained in each size fraction, and nucleation and growth rates were subsequently determined.
Results and discussion

Batch nickel precipitation with either sodium sulfide or biogenic sulfide
Preliminary experiments were carried out by mixing nickel chloride and sodium sulfide solutions to define the values of both the initial pH and reaction time that ensured an efficient nickel precipitation. The initial pH values of the nickel chloride solution were defined following the studies of Bijmans et al. [1] and Tokuda et al. [2] . Fig. 2a shows the profile of the nickel concentration, and Fig. 2b depicts the pH variation during the batch experiments. Within 10 min, nickel precipitation was almost complete, regardless of the initial pH of the nickel solution. The pH of the nickel solution increased to approximately 9.0 as mixing with the sulfide solution occurred, which was consistent with the results produced under similar experimental conditions [14] . Higher values of the initial pH improved nickel removal, with the pH value of 7 producing the lowest residual metal concentrations (0 mg L À1 , within 10 min). This finding is consistent with those of Karbanee et al. [14] and Sampaio et al. [15] , who stated that nickel precipitation by sodium sulfide is strongly influenced by pH. A tendency toward dissolution of the precipitated sulfide was also observed, as long as the experimental time was longer than 20 min. This tendency is probably derived from the low stability of the finer NiS particles. The largest residual nickel concentration was 0.7 mg L À1 (initial pH 3) within 10 min of testing, which complies with most environmental regulations [21] .
Similar experiments were performed with the biogenic sulfide produced in the sulfate reduction bioreactor. , complying with most environmental regulations [21] . Notwithstanding, the residual sulfide concentration was not consistent with nickel sulfide formation, indicating that under these conditions, nickel was removed as a different compound. The precipitates produced with the effluent of the sulfate reduction reactor were thus analyzed by X-ray diffraction (XRD) (Fig. 3) . From the analysis of the XRD data for the precipitate produced at
] and pH initial $ 7, it was concluded that the metal was precipitated as nickel ammonium phosphate hexahydrate (NiNH 4 PO 4 Á6H 2 O) and not as sulfide, which explains the residual sulfide concentration value of 85.66 mg L À1 for a metal removal efficiency of 99.87%. The presence of phosphate and ammonium ions in the effluent of the sulfate reduction bioreactor was due to the nutrients used for the growth of sulfate-reducing bacteria. For the other conditions tested, the solid phase appeared to be amorphous and could not be identified by X-ray diffraction, which was a feature also reported by Sampaio e al. [22] . Esposito et al. [23] also observed the interference of other species, such as phosphate and carbonate, present in the biogenic sulfide solution when these authors studied the precipitation of zinc with biogenic sulfide.
Continuous nickel precipitation with either sodium sulfide or biogenic sulfide
After the batch precipitation studies, a series of continuous experiments was carried out in which the initial pH of the nickel solution and the effect of the [Ni 2+ ]: [S 2À ] molar ratio on nickel sulfide precipitation were investigated. Fig. 4 shows the profiles of both metal concentration and supersaturation during such experiments. From the analysis of the residual metal concentration, the best results were achieved for the stoichiometric ratio between the metal and sulfide ions, as observed in the batch experiments, which was consistent with the results obtained by Karbanee et al. [14] during continuous nickel sulfide precipitation. The experiments performed at pH 9.5 (initial pH of the nickel solution set at 5) and 10.5 (initial pH at 7), respectively, demonstrated that nickel removal from solution attained 99.8%, which was equivalent to 0.51 mg L À1 residual Ni 2+ concentration. Such figures were observed in the seventh and sixth residence times, respectively. The testing performed at an initial pH value of 3 (8.5 inside the reactor) showed a residual nickel concentration above the limit set by environmental legislation [21] . Under such experimental condition, the residual nickel content remained above 3 mg L À1 throughout the test, which was in agreement with the results reported by Lewis and van Hille [12] . The experiment with excess sulfide did not improve nickel removal because the residual metal concentration was always above 6 mg L À1 (Fig. 4a) , which was equivalent to a nickel removal efficiency of only 97%. Karbanee et al. [14] also reported that at [Ni 2+ ]:[S 2À ] = 1:1.5, the pH value inside the reactor was 11.5, and nickel removal was only 70%. The authors proposed that the excess sulfide produced nickel-sulfide complexes (stable at pH values above 7), which accounted for metal redissolution. although a-NiS was proposed as the only phase formed in the 25-60°C range, under fully anaerobic conditions (precipitation was carried out in a glove box). The X-ray diffraction pattern presented in Fig. 5 suggested millerite as the compound closest to the precipitates produced, as also observed by Sampaio et al. [15] . Continuous nickel precipitation with biogenic sulfide was assessed next, and the results are presented in Fig. 6 . It could be observed that both the pH of the reaction medium and the metal removal efficiency remained stable at 8.5% and 99.9%, respectively, from 40 min (four residence times) onward with a residual level of 0.25 mg L À1 Ni 2+ . Bijmans et al. [1] studied nickel sulfide precipitation and observed a removal efficiency of 99.6%, with a residual nickel content of 0.4 mg L À1 . XRD data for the nickel precipitated with biogenic sulfide in the continuous process are shown in Fig. 5 . Unlike the batch precipitation experiments in which the precipitates did not show a high degree of crystallinity (as suggested by the shoulder in the baseline of Fig. 3 ), the products of continuous precipitation were crystalline. Millerite (NiS) is the solid phase precipitated with biogenic sulfide, in agreement with the findings of Bijmans et al. [1] , whereas ammonium nickel phosphate, identified in the batch tests, was not observed.
Modeling the kinetics of continuous nickel sulfide precipitation
The well-mixed reactor is not the most appropriate technique for studying fast precipitation reactions because of mass transfer control and high supersaturations. Despite such a disadvantage, the well-mixed reactor was applied to study the precipitation of a series of sparingly soluble compounds, such as hydroxyapatite [18] , calcium carbonate [24] and copper and zinc sulfides [25] . Additionally, other reactors could not avoid the effect of high supersaturation [13] .
Precipitation modeling was carried out only with the results of the continuous precipitation experiments with sodium sulfide because attempts to assess the PSD of the solid particles produced with biogenic sulfide were not successful, due to the high reactivity of the fine precipitates. From PSD magma density and particle density, the number of particles in each fraction was determined, assuming a volume shape factor equal to p/6.
The PSDs were determined in a laser particle size analyzer, and the results are shown in Fig. 7 . For the stoichiometric condition ( Fig. 7a) , the d 50 values were approximately 7.6 lm and 9.8 lm for the initial pH values of 3 and 5, respectively, and both PSDs were similar. For the initial pH value of 7, the PSD was broader, with d 50 and d 90 values of 23.1 lm and 70.6 lm, respectively, being observed (Fig. 7a) . Such results are consistent with the values observed during zinc sulfide precipitation [15] . Supersaturation values (measured at steady state, , whereas the average particle size was reduced to 0.27 lm (Fig. 7b) .
As shown in Fig. 8 , the logarithm of the population density function (Ln n) was not a linear function of particle volume, which implies that nucleation and growth were not the only precipitation mechanisms [17] . The concavity observed suggests that aggregation is occurring with the number of large particles increasing at the expense of smaller crystals, which is relatively common during precipitation of metallic sulfides [18] . The PSD at steady state allowed to determine the agglomeration kernel from the population balance in volume coordinates and assuming size-independent agglomeration [18] .
Eqs. (8)- (11) were applied to assess the values of both the growth and nucleation rate and the agglomeration kernel. From the former, the concentration of nuclei (n 0 ) was also determined using Eq. (12) . To calculate the kernel, the log of population density was fitted to an empirical equation (in which P 1 , P 2 and P 3 are fitting parameters) presented by Tai and Chen [24] and converted to a volume base, assuming spherical particles.
Ln nðmÞ ¼ P 1 exp P 2
Fitting of Eq. (13) to the population density is presented in Fig. 8 , while the main kinetics parameters are depicted in Table 2 . According to the modeled data, the kinetics of nickel sulfide precipitation show the lowest nucleation rate (B 0 ) at 8. . These kinetic data imply that the better conditions for the precipitation of the metal with sodium sulfide occur at pH 7.0. As expected, both the largest growth rate and the lowest nucleation rate were observed at the lowest measured supersaturation (pH i = 7.0). Under the other conditions in which stoichiometric concentrations of nickel and sulfide were investigated, the volumetric growth rate was two orders of magnitude smaller, and the nucleation rate was larger, particularly at an initial pH of 3, where supersaturation was higher (8.23 Â 10 10 ). The nuclei concentration (n 0 ) followed the same trend and increased with supersaturation, as expected. In studies carried out by Al-Tarazi et al. [8] , which investigated ZnS precipitation, supersaturation varied between 1 Â 10 8 and 5 Â 10 10 and nucleation rates values from 10 9 to 10 15 nuclei m À3 s À1 were observed. The agglomeration kernel (b 0 ) varies with supersaturation and nucleation in a complex manner. Generally, the agglomeration kernel increases with the primary nucleation rate while decreasing with either the volumetric growth rate or supersaturation. At 1[Ni]:1[S], the agglomeration kernel decreased with the nucleation rate (i.e., pH), but increased when the growth rate was reduced. AlTarazi et al. [8] reported similar behavior for both growth and nucleation rates, although the agglomeration kernel increased with pH. The increase in the agglomeration kernel with pH, however, leveled out for the experiments carried out at higher pH (6.0). When two different level of supersaturation were herein compared, the higher supersaturation implied a lower value of the agglomeration kernel, as expected [8] , probably because higher sulfide concentrations caused a reduction in zeta potential of the solid particles (the surface charge became more negative) due to the sorption of sulfide ions [26] . Repulsion among different particles was therefore stronger, resulting in smaller particles and the lowest growth rate and agglomeration kernel values depicted in Table 2 .
Despite intense research, technologies for bioreduction of sulfate (active treatment) have encountered intense competition with other sulfate removal approaches, such as ultrafiltration and reverse osmosis [27] . The principal reason seems to be availability and costs of organic matter (the carbon and electron donor) and thus few industrial projects have been commissioned [28] for sulfate removal. On-site sulfide production has, however, gained widespread acceptance for metal recovery from industrial effluents and mine drainage [29] , not to mention projects in which chemical sulfide is applied for nickel recovery with either an environmental [29] or hydrometallurgical perspective [30] . Notwithstanding and irrespective of the source of sulfide, metallic sulfide precipitation has many challenges. Supersaturation particularly should be controlled such that formation of fine precipitates is minimized. Further research is needed to address these issues.
Conclusions
Sodium sulfide can be applied successfully for the precipitation of nickel in the form of metal sulfide, as residual levels equal to 0.13 mg L À1 were obtained for the continuous tests performed with the stoichiometric ratio between metal and sulfide. This technology can be applied to industrial wastewater treatment because the residual level of nickel is below those established by environmental legislation. The largest growth rate was observed at the initial pH of 7, whereas increased supersaturations impaired both crystal growth and agglomeration.
The application of biogenic sulfide in the stoichiometric amount allowed the precipitation of nickel (at initial pH values above 5), also to levels below the limit prescribed by environmental legislation. Nickel removal is influenced by the composition of the solution containing the biogenic sulfide and the pH of the medium, and precipitation may occur in the form of other compounds, such as phosphate.
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